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A one-dimensional, diffusion-controlled, reaction is followed in time by phosphorescence (monitoring reactant) and delayed 
fluorescence (moniloring product). The triplet (excited) naphthalene molecules move in a methanol solution, confined inside 
the cylindrical channels of a channel-pore polycarbonate membrane. The reaction product is a transient photodimer or excimer, 
giving delayed fluorescence. In large radius (1 pm) channel-pore membranes, the reaction kinetics are classical, with a heteroge- 
neity exponent h=O. However, in the small radius (0.025 pm) channel-pore membranes the kinetics approach that of a one- 
dimensional environment, h = l/2. For membranes with intermediate channel radius (0.1 pm), the reaction exhibits a “cross- 
over” behavior which can be approximated via “fractal-like” kinetics. 
Many chemical and biological processes occur in 
pores or micro-channels. Thus it is of practical in- 
terest to study molecular reactions inside micro- 
channels. The molecular kinetics inside channels may 
be very different from the conventional kinetics, de- 
pending on the geometry and size of the channels. In 
conventional chemical kinetics, the order of an ele- 
mentary reaction is equal to its molecularity, and thus 
given by a natural number ( 1, 2, 3...). Recently, it 
has been demonstrated both theoretically and ex- 
perimentally that the reaction order may differ sig- 
nificantly from its molecularity [l-lo]. In particu- 
lar, this may be true for reactions inside random 
networks of micro-channels [ 8,9]. In this work, we 
demonstrate that the reaction order, in fact, depends 
on the size of the channels and that a “fractal-like” 
kinetics model works well for this type of systems. 
Here we report the transient photodimerization of 
naphthalene (N) in cylindrical micro-channels of 
various diameters. Transient photodimerization of 
naphthalene has been studied in detail [ 111: 
N++N+-tN+ +N+N+N+hv, (1) 
Here N is a naphthalene molecule in its first triplet 
state N+ +N is a transient singlet “excimer”, NC is 
a nadhthalene molecule in its first excited singlet state 
and h v is the ultraviolet fluorescence quantum. The 
first step of eq. ( 1) is rate determining and diffusion 
controlled. It is clearly an elementary photochemical 
(photophysical) reaction. It is also quite analogous 
to charge exchange reactions which may occur in bi- 
ological membranes (A+ +A+ +A*+ + A, etc. ). We 
notice that the reactant (N+ ) is produced at will via 
direct triplet excitation. At a given light level a steady 
state is produced. Both the steady state and the re- 
laxation from it are monitored. The instantaneous 
reactant concentration is monitored (in time) via 
the green phosphorescence (the “natural decay” of 
the first excited triplet). The instantaneous product 
concentration is monitored via the ultraviolet de- 
layed fluorescence. In the relaxation part of the ex- 
periment the product’s instantaneous concentration 
is directly proportional to the reaction rate. We thus 
have a highly controlled and doubly time monitored 
photoreaction. 
In the “fractal kinetics” formalism the dimeriza- 
tion rate is given by 
-dC/dt=kt-hC2, (2) 
where C is the monomer concentration, t the time, 
k a constant and h the heterogeneity exponent. For 
homogeneous three-dimensional reactions (2), h = 0 
and k is the rate constant. For one-dimensional re- 
actions, h= l/2. For reactions in fmctal domains [ 3 1, 
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0 x h < 1. Furthermore, h = 1 - )d,, where d, is the ef- 
fective spectral dimension [ 3,12 1, which, for frac- 
tals, is in the range 0 < d, < 2. We thus call a reaction 
“fractal-like” if h> 0 (including the special one-di- 
mensional case where d,= 1 and h= l/2). We note 
that eq. (2) is equivalent [S] to a fractal reaction 
order X= (h-2)/(/2- 1). 
In reality, we have often found before [ 9- 111 that 
the excited naphthalene species exists in two forms: 
mobile species and trapped species. If trapped spe- 
cies are involved, a pseudo-first-order reaction may 
result. The steps involved are as follows: ( 1) The 
mobile excitation is trapped out by the lower energy 
levels of the “trap”. This process depletes some of 
the mobile excitations. (2 ) A fusion process occurs: 
this is mostly “heterofusion” between a free and a 
trapped excitation. (3) The heterofusion further de- 
pletes the free excitation, but the trapped excitation 
density is nearly constant in time, T+T’+T’, be- 
cause most fusion products are again triplet traps. 
The reason for this is that the trap or aggregate ex- 
citations are red-shifted compared to the naphtha- 
lene monomers; for a more complete discussion see 
refs. [ 13- 15 1. Thus we rewrite eq. (2 ) as 
-dC/dt=Kt-hCC’=K’t-hC. (2’) 
Here c’ is the nearly constant density of the trap ex- 
citation, K’ =KC’, and (2’ ) is a pseudo-first-order 
reaction. As usual, the delayed fluorescence is pro- 
portional to the fusion rate, Foe jdC/dt I_ The ob- 
served phosphorescence, after corrections for the 
baseline at longer times, is P(t) cc C( t)_ Thus 
F=Kt-hP (3) 
and 
log(F/P) = -h log(t) +log(R) . (3’) 
Data analysis is done according to eq. (3’ ): plotting 
log(F/P) versus log( 1) which gives a slope of -h 
(table 1). 
The optical setup and sample preparation have 
been described earlier [ 9, lo], The only significant 
change involves the use of channel-pore (Nucle- 
pore) polycarbonate membranes [ 111 instead of or- 
dinary (random) porous membranes. These mem- 
branes come with cylindrical channels (fig. 1) . While 
a given membrane has channels of uniform diame- 
ter, membranes with different channel diameters are 
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Table 1 
Heterogeneity exponents for naphthalene-ethanol solution in 





2000 O) 0.06 (st) 
0.48 (II ) 
500 0.41 
a) Exponent. Error bars are kO.02. 
b, Cross-over regime. Two valuescorrespond to two regimes: short 
times (St) and longtimes (It). 
Fig. I, Polycarbonate channel-pore membranes (Nuclepore, 
Pleasanton, California). Enlargement about x 104. Channel length 
is 6 pm and the radius of the channels on the left is 1 pm while 
that on the right is 0.1 km. 
available and we used them in the range of 500 to 
20000 A. We note in addition that the membranes 
are optically transparent and scatter little light when 
in solution. 
We assume that the mobile excitation species are 
the diffusing naphthalene molecules (excited 
“monomers”) while the trapped species are an ex- 
cited naphthalene aggregate or a monomer adsorbed 
at the channel wall. While the fraction of trapped 
species is small, the fraction of excited trapped spe- 
cies is large, due to excitation super-trapping [ 141. 
Both aggregate and adsorbed monomer have lower 
excited state levels than the free monomer, giving 
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T-+T’ and T+T’-+T’. This is the condition thatjus- 
tifies eqs. (2’ ) and (3). Data are shown in figs. 2 
and 3. These data are consistent with our “hetero- 
fusion” model for all h values but are inconsistent 
with the “homofusion” model of eq. (2). We note 
that this model of heterofusion explains previous po- 
rous membrane experiments as well as experiments 
on polymer blends, molecularly doped polymers and 
thin crystalline film samples [ 9- I5 1. For homoge- 
neous heterofusion kinetics (the classical behavior) 
one expects horizontal lines, giving h = 0. 
We observe (table 1) that the 20000 A channels 
yield a value h=0.07&0.02 while 500 8, channels 
yield a value h=0.41? 0.02. These two limiting val- 
ues are in good agreement with the theoretically cx- 
petted values of h = 0 and h = l/2, for three-dimen- 
sional and one-dimensional models, respectively. A 
crossover (between h = 0 and h= l/2, fig. 3) behav- 
ior (1) occurs at diameters of about 2000 A. This 
gives an upper limit on the diffusion length of the 
molecules in solution. Obviously, for channels with 
a diameter of 20000 A, the molecules hardly feel the 
channel boundaries, while in channels with a di- 
ameter of only 500 A, the molecules are severely 
confined. 
In summary, ( 1) we have been able to observe the 
photodimerization of naphthalene inside cylindrical 
channels of various diameters; (2) the overall dif- 
fusion length is estimated to be on the order of 2000 
8, at 200 K; ( 3 ) in narrow channels molecular dif- 
fusion is one dimensional in nature while in wide 
channels it is essentially classical, that is, homoge- 
neous three dimensional; (4) the fractal-like kinetics 
model works well in low-dimensional nonfractal 
systems. 
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